In order to elucidate the nature of intestinal flora affecting the immunological and physiological parameters of the intestine, we produced several kinds of ex-germfree mice associated with fecal organisms and their chloroform-resistant variants derived from mice, rats, and humans. The phenotypes of intraepithelial lymphocytes were changed to those in conventional mice, particularly the increased positive percentage of a4l T-cell-receptor and Thy-l-bearing T cells, on association of the microorganisms (MF) and their chloroform resistant variants (MChl) derived from mice, but not rats and humans, with germfree mice. The cytolytic activity of intraepithelial lymphocytes was expressed only in the MF and MChl groups. The induction of the synthesis of fucosyl asialo GM1 glycolipid, the expression of major histocompatibility complex class II molecule, an increase in the mitotic indices of colonic epithelial cells, and a decrease in lactase activity of the small intestinal epithelial cells also occurred only in the two groups. On the other hand, the cecal size (cecal weight/body weight ratio) was reduced in the mice of all groups examined here, there being approximately the same amount and composition of organic acids, such as acetic acid, butyric acid, and propionic acid, in the cecal contents. Taken together, the results suggest that mouse-specific and chloroform-resistant microorganisms, which are difficult to cultivate at present, may contribute to alteration of the immunological and epithelial characteristics of the mouse intestine. Another factor derived from the intestinal flora, for example, bacterial metabolites such as organic acids, may also affect the cecal size.
The presence of the normal or indigenous microflora of the gastrointestinal tract is known to be very important in the host animal for resistance to infection, growth rate, and the utilization of food (3) . However, the nature of normal microflora and their physiological and immunological roles are still obscure.
Introduction of the intestinal contents or feces of conventional (CV) mice into germfree (GF) mice results in a normal physiological and immunological state of the intestinal tract (conventionalization). There have been some reports on conventionalization through association of a large number of bacterial strains from mice (4, 18) , chloroform-resistant fecal flora (6, 9) or isolates (10) derived from mice, human fecal flora (5), or rat fecal flora (15) , when the cecal size is used as a parameter. Koopman et al. showed conventionalization by association of cultured cecal microflora of low dilution from mice with regard to eight parameters including cecal size and colonization resistance (16) . But no one has succeeded in conventionalization of immunological and physiological characteristics of the intestine through association of cultured isolates with ex-GF mice.
We have already found that fucosylation of asialo GM1 glycolipid (23, 24) and major histocompatibility complex (MHC) class II molecule expression (17) on small intestinal epithelial cells and an increase in the number of ota T-cellreceptor (TCR)-bearing intestinal intraepithelial lymphocytes (IEL) (22) occur after conventionalization. Assessment of these characteristics, in addition to the cecal size, the villus-tocrypt-length ratio, and the epithelial cell kinetics, is useful for * Corresponding author. Phone: 0425-77-8960. Fax: 0425-77-3020.
identifying the microorganisms with the capacity to conventionalize GF mice.
In this study, we produced several kinds of ex-GF mice associated with fecal microorganisms and their chloroformresistant variants derived from mice, rats, and humans to clarify the effects of the normal microorganisms on the immunological and physiological characteristics of the intestine by focusing on their origin and composition.
MATERIALS AND METHODS
Animals. GF and CV BALB/c mice were used in this study.
They were from 11 to 15 weeks old and of both sexes. The mice for association with human-derived flora were used at the age of 1 year. We confirmed that there was no apparent effect of age on conventionalization of GF mice, at least within 1 year. They were kept in our institute and checked for contamination by microorganisms. During the experiments, GF mice were kept in a stainless-steel isolator and orally inoculated with the following microorganism preparations. Mice were killed by cervical dislocation 3 weeks after inoculation to investigate various intestinal characteristics.
Production of various kinds of intestinal flora-associated mice. GF mice were associated with 0.2 ml of a fecal suspension from CV mice (MF group) or three healthy adult humans (HF1-3 group). In the case of inoculation of chloroformresistant microorganisms, 1% (wt/vol) of the fecal suspension from mice (MChl group), humans (HChl group), and rats (RChl group) was treated with 3% chloroform as described elsewhere (9) . A suspension of all colonies (MEG group) formed on Eggerth-Gragnon (EG) agar plates (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) by inoculating a chloro- h CTL of one mouse in the presence of the anti-a4 TCR MAb.
form-resistant fecal suspension from mice was administered to GF mice. The plates were incubated for 1 week at 37°C in an anaerobic glove box. All suspensions were prepared under anaerobic conditions with anaerobic diluting fluid (19) .
Cecal size. The ceca were removed and weighed with their contents. The relative cecal weight was expressed as a percentage of the body weight.
Analysis of organic acids. Organic acids in the cecal contents were analyzed with a high-performance liquid chromatograph (ICA-3000; TOA Electronics Ltd., Tokyo, Japan) equipped with a column (KC-811 Shodex; Showa Denko K.K., Tokyo, Japan) and a conductometric detector, as described elsewhere (8) .
Immunohistochemical detection of MHC class II molecule. MHC class II molecule expression in the distal ileum was determined by means of immunohistochemistry with a mixture of anti-I-Ad (AMS-32.1; Pharmingen, San Diego, Calif.) and anti-I-Ed (AMS-16; Pharmingen) antibodies with control sera, as described elsewhere (17) .
Analysis of asialo GM1 and fucosyl asialo GM1. Feces were collected 0, 4, 7, and 14 days after association with intestinal flora. The glycolipids were extracted with a chloroform-methanol mixture (2:1 [vol/vol]) from the feces. Asialo GM1 and fucosyl asialo GM1 were detected by thin-layer chromatography immunostaining with rabbit anti-asialo GM1 and antifucosyl asialo GM1 antibodies, as described elsewhere (7) . The fucosylation of asialo GM1 glycolipids in a fecal sample corresponds to the change in glycolipids in small intestinal epithelial cells (21) .
Measurement of mitotic indices (MI). Vincristine sulfate (1 mg/kg) was injected intraperitoneally 90 min before the killing of mice. A 1-cm segment of the proximal colon was removed and washed with phosphate-buffered saline (PBS). Each segment was fixed with an acetic acid-ethanol mixture (1:3 [vol/ (22) .
Cytolytic activity (CTL) assaying of IEL. IEL and 51Cr-labeled P-815 cells were incubated with anti-CD3 MAb (145-2C11; Boehringer-Mannheim-Yamanouchi) or anti-ota TCR MAb (H57-597; Pharmingen) for 6 h at 37°C. After incubation, the CTL of IEL was determined as described elsewhere (11 sp., and Bacteroides sp.; and multiassociated ones with fusiform-shaped bacteria. All these bacteria were derived from the intestinal contents of mice (data not shown).
Effects of chloroform-resistant flora derived from mice, rats, and humans on intestinal characteristics. We observed no alteration in IEL or epithelial cells on multiassociation with Lactobacillus sp., Streptococcus sp., or members of the families Enterobactenaceae and Bacteroidaceae or monoassociation with E. coli derived from the intestinal contents of mice (data not shown). For identification of the effective bacteria for conventionalization, chloroform-resistant floras (spore forming) were tested. The association of chloroform-resistant microorganisms derived from mouse feces with ex-GF mice (MChl group) altered all of the characteristics of IEL and epithelial cells examined here, as observed in the ex-GF mice associated with mouse fecal flora. However, the chloroformresistant flora derived from other species, such as rats and humans (RChl and HChl groups), never changed the characteristics of IEL or epithelial cells, except for the reduction in cecal size. As the next step, we investigated the effect of the cultivable microorganisms present in the chloroform-resistant flora in mice. The administration of all colonies formed on EG agar plates (MEG group) did not induce any alteration in the characteristics of IEL or epithelial cells, except for the reduction in cecal size (Table 2 ). Histological examination of the ileum showed increased crypt depth in the MChl group compared with the HChl and RChl groups and weak atrophy in the villus structure in the HChl group (Fig. 1) .
The organic acid composition and the cecal size. The composition and concentrations of the organic acids, major bacterial metabolites, were analyzed for the cecal contents of mice of all groups. In the MF group, the major organic acids were acetic acid, n-butyric acid, and propionic acid, their concentrations being 47.5, 15.6, and 4.5 ,umol/g, respectively. In all groups in which there was a reduction in cecal size, the composition and concentration of organic acids were approximately the same as in the MF group, though the concentration of propionic acid was higher than that of n-butyric acid in the HF groups (Tables 2 and 3 ). However, the ex-GF mice associated with cultivable bacteria such as E. coli contained a different composition and lower concentrations of the organic acids in the cecal contents compared with the MF group, showing no reduction in cecal size (data not shown).
DISCUSSION
In this study, we examined various parameters for evaluation of the degree of conventionalization. We first compared the effects of the source (origin) of the intestinal flora on the conventionalization of GF mice. As Hazenberg et al. showed (5) , HF floras as well as MF floras reduced the cecal size. But HF floras never changed the characteristics of IEL or epithelial cells. These results show that HF floras cannot alter the nature of the intestinal mucosa. Although there was some difference in the cell number of ot3 TCR-bearing IEL and positive percentage of Thy-1 between the MF group associated with fecal flora for 3 weeks and CV mice, we could hardly detect such differences between ex-GF mice more than 4 weeks after association with them and CV ones (22) . Almost all Thy-ipositive cells were a43 TCR-bearing IEL. CTL observed in the MF group and CV mice by cross-linking with anti-CD3 antibody was also present in up3 TCR-bearing IEL (11) . However, it is uncertain whether Thy-1 affects the CTL.
On the basis of the finding that cultivable microorganisms, such as Lactobacillus sp., Streptococcus sp., and members of the Enterobacteriaceae and Bacteroidaceae, did not change the characteristics of IEL or epithelial cells, we examined the chloroform-resistant flora as a next step. Hazenberg et al. (6) and Itoh and Mitsuoka (9) have shown that the chloroformresistant flora of mice reduced the cecal size to the level in CV mice. In this study, chloroform-resistant flora derived from mice changed all of the mucosal characteristics of GF mice examined in addition to the cecal size. Then we cultured the chloroform-resistant flora on EG agar plates and inoculated all the colonies into GF mice. Itoh and Mitsuoka reported that cecal size reduction occurred in mice associated with cultured chloroform-resistant isolates (10) . In our experiment, although the cecal size was reduced in the MEG group, the characteristics of IEL and epithelial cells did not change from the GF to the CV type. These results suggest that it is difficult to cultivate the bacteria playing an important role in complete conventionalization of GF mice. Only the cecal size was reduced in the mice associated with the chloroform-resistant microorganisms derived from not only mice but also rats and humans. High concentrations of organic acids similar to those in CV mice were detected in the ceca of all these types of mice, as shown in Table 3 , suggesting that the concentrations and composition of organic acids may affect the cecal size.
Moreover, we examined the chloroform-resistant flora derived from other species such as humans and rats. In the HChl and RChl groups, the cecal size was reduced, but the characteristics of IEL (15) . However, in our experiments, a cross-effect was not observed for MHC class II expression, fucosylation of glycolipids, or IEL activation. From these results, indigenous bacteria of mice, which are difficult to cultivate in vitro, were judged to be important for complete conventionalization. The presence of filamentous, segmented microorganisms in the small intestine of mice was reported (2) . The microorganisms were indigenous, apathogenic prokaryotes, difficult to cultivate in vitro and associated with the distal small intestine of mice (12) . Klaasen et al. succeeded in the production of apparently monoassociated mice with segmented filamentous bacteria (13) and reported the stimulation of immunoglobulin A production (14) . Segmented filamentous bacteria, which strongly adhere to the small intestinal epithelial cells, are a candidate for the indigenous bacteria important for conventionalization (20) .
It was also shown that the reduction in cecal size is not necessarily coincident with changes in the mucosal characteristics examined here in mice associated with various floras. The cecal size is expected to be determined by many factors such as water and electrolyte transport, the nature of smooth muscle, and the transit time of the contents. Therefore, factors different from those for the characteristics of epithelial cells and IEL may affect the cecal size.
In conclusion, chloroform-resistant microorganisms of mouse origin, which are hard to cultivate in vitro, are necessary to alter the various characteristics of the epithelial cells and IEL.
